Abstract: The effects of 2-D hexagonal-lattice TiO 2 photonic crystal layers on the directional light extraction efficiency of low-scattering (Y 1-x Ce x ) 3 Al 5 O 12 (YAG:Ce 3+ ) ceramic converters have been investigated. The hexagonal-lattice TiO 2 patterns were fabricated by an electron beam lithography process. The optimized yellow directional light extraction enhancement by a factor of 4.4 is achieved with a 2-D photonic crystal layer having a diameter of 430 nm, a lattice constant of 590 nm, and a height of 350 nm. A 3-D finitedifference time-domain model has also been developed to study the geometric parameters of the photonic crystal layer, yielding results that are consistent with our measured data.
Introduction
In current LED technology, white light is generated by combining an InGaN-based blue LED with a yellow phosphor or by combining a near-UV LED with a tricolor phosphor (blue, green and red). Thus, wavelength down-conversion is the process used for most solid-state lighting (SSL) applications, since the efficiency of direct-emitting green, yellow, and amber light-emitting diodes (LEDs), based on In x Ga 1-x N and In x (Ga y Al 1-y ) 1-x P, remains inferior to the efficiency of phosphor-converted LEDs (pc-LEDs) for these colors. Currently, the majority of white light emission for various applications is realized by conversion using one (yellow in basic) or more phosphor components (green and red for higher quality white light). Whether it is the only phosphor present, or as a component in a phosphor blend, cerium-doped yttrium aluminum garnet [(Y 1- significant backscattering losses. More importantly, the powdered phosphors are almost always dispersed in polymers such as silicones or epoxies with low thermal conductivity, and these polymers prevent efficient heat dissipation, which limits the phosphor performance due to thermal degradation [2] . This problem is particularly troublesome in applications that require high light flux or elevated temperature (e.g., projection, automotive headlights, etc.).
In order to overcome these issues, scatter-free or low-scattering phosphors with strong blue absorption, high quantum efficiency, and efficient heat dissipation are needed. Recently, polycrystalline ceramic or single crystalline YAG:Ce 3+ converters have been developed [3] - [7] , and companies, such as OSRAM and Philips, have commercially available lighting technologies that make use of ceramic converters. While the internal efficiencies of YAG:Ce 3+ single crystals or transparent ceramic converters can be quite high, they have lower light extraction efficiency than porous ceramic converters or conventional powder-in-silicone phosphors due to the narrow light escape cone, which is defined by the total internal reflection (TIR) critical angle, c ¼ arcsinðn ambient =n converter Þ at the planar emitting surface relative to interface normal. For extraction into air, the critical angle is approximately 33°for YAG:Ce 3+ ðn ¼ 1:82Þ. In such a case, a significant portion of the light is reflected at the converter/air interface, which leads to the trapping of the converted light (the yellow emission) in guided modes where the radiation is either absorbed or emitted out from the plate edges. Only a very small portion ð1=2 R c 0 sinðÞd % 8%Þ can be extracted from the top surface. Furthermore, from the viewpoint of blue light absorption, there is a decrease of absorption efficiency in such highly translucent phosphor plates compared to those of higher scattering, which leads to the low generation of converted light [8] . For transparent ceramic or single crystal converters to be used in solid state lighting applications, it is essential to improve their light extraction efficiency while maintaining their high internal quantum efficiency.
One approach to improve the light extraction efficiency is to incorporate a photonic crystal lattice (PCL) on the top of the surfaces [9] . As mentioned above, for a smooth surface, light emitted from the phosphor comprises two angular regions. The first region is light emitted within the escape cone defined by c . Outside the escape cone light is emitted in a set of sharp guided modes that propagate within the YAG slab. The number of these modes increases with the slab thickness and their sharpness is a function of the material losses and reflectivity of the interfaces. These guided modes are either lost by absorption or collected at the edges of the YAG slab. In the presence of a PCL, the photonic crystal acts as a diffraction grating and diffracts some of these guided modes into the air, increasing the directional light extraction efficiency [10] . Directly forming a PCL in YAG:Ce 3+ is difficult with standard reactive ion etching processes since it is such a chemically and thermally stable material. Therefore, depositing a thin film of another material on the YAG:Ce 3+ surface, offers a good alternative. SiO 2 , TiO 2 , and Si 3 N 4 are popular photonic bandgap materials used in the formation of PCLs on phosphor plates [11] - [16] and they can be deposited on a large scale with relatively low-cost processes. In particular, the high transparency at visible wavelengths and the relatively large refractive index (∼2.4) of TiO 2 makes it a favorable material for making PCLs on YAG:Ce 3+ ceramic converters. A high refractive index for the PCL material is favorable because the refractive index contrast between the PCL materials, i.e., TiO 2 and air, is proportional to the strength of the scattering [9] . Mao et al. [13] , [14] reported an improvement of forward yellow emission from TiO 2 PCLs patterned on YAG:Ce 3+ , but these authors only studied the effect of the height of the nanorods on the yellow light extraction efficiency. The Do research group has published a number of papers in which they investigated certain aspects of either TiO 2 [8] , [11] , [12] , [15] , [16] . However, there has not been a systematic study published on a PCL-coated YAG:Ce 3+ ceramic converter, where the structural parameters such as the height, diameter/fill-factor, and lattice constant of the PCL have been reported. In addition, we are not aware of a systematic study of these structural parameters of TiO 2 PCLs on YAG:Ce 3+ ceramic or single crystal converters that incorporates both experiments and optical modeling simultaneously.
The goal of this work is not necessarily to maximize the overall efficiency of transparent or highly translucent YAG:Ce 3+ ceramic converters. Instead, the target is to modify the angular distribution pattern for directing more light in the forward direction. A more in-depth understanding of factors affecting the light extraction is required to achieve this. In this paper, we have investigated the fabrication of TiO 2 PCLs on ceramic YAG:Ce 3+ by electron beam lithography (EBL). The effects of structural parameters (diameter, height and lattice constant) of TiO 2 -based 2-D PCLs on the enhancement ratio of the directional extraction efficiency of YAG:Ce 3+ ceramic converters were studied experimentally as well as through numerical calculations. Some of the relevant optical properties of the fabricated PCLs on YAG:Ce 3+ converters were characterized and numerically calculated.
Experimental Methods
TiO 2 -coated YAG:Ce 3+ ceramic converters were provided by OSRAM Corporate Innovation. The thickness of the TiO 2 film was either 350 nm or 550 nm. X-ray diffraction measurements indicate that the TiO 2 thin film was amorphous. Fig. 1(a) shows an image of a YAG:Ce 3+ sample and Fig. 1(b) shows the transmittance of an uncoated YAG:Ce 3+ ceramic converter, a TiO 2 -coated YAG:Ce 3+ ceramic converter, and a sapphire wafer with and without TiO 2 coating. For the samples in Fig. 1(b) , the TiO 2 coatings were applied during the same deposition procedure and had a thickness of 550 nm. The expected absorption band from the 4f ! 5d Ce 3+ transition can be seen in the blue region of visible spectrum. For wavelengths far from the blue absorption peak, the total transmittance values of the uncoated YAG:Ce 3+ ceramic converter, e.g., ∼82% (value at 700 nm), are very close to the value predicted by the Fresnel equations (84% at normal incidence), suggesting that the ceramic is a highly dense material with almost no internal scattering. The coated and uncoated sapphire witness wafers were used to decouple any losses in transmittance in the blue-violet region of the spectrum due to TiO 2 absorption from the Ce 3+ absorption and emission. For both substrates, after TiO 2 coating, the expected interference fringes are apparent, and there is a minor decrease in overall sample transparency. The TiO 2 film starts to strongly absorb at wavelengths below 400 nm. Due to the small size of the PCLstructured samples, we were not able to experimentally obtain transmittance spectra for them. Instead we used simulations to study the transmission properties of an example photonic crystal as discussed below in Section 3.
Highly uniform TiO 2 PCLs were generated by an EBL method. The diffraction processes that lead to the directional extraction enhancement depend on long range periodic ordering, and any significant disruption of the periodicity of the PCL would negatively influence the directional extraction efficiency. Therefore, all of the ceramic converters were optically polished prior to TiO 2 coating to provide a smooth surface. Fig. 2(a) shows the fabrication procedure of the PCLs using the EBL method. First, PMMA 950 A3 solution (MicroChem) was spun on a TiO 2 -coated YAG:Ce 3+ substrate. Following this step, the electron-beam exposure of PMMA was carried out on a Zeiss Supra 40 scanning electron microscope with a dose of 200 to 400 C/cm 2 . Subsequently, the patterned PMMA film was developed and a layer of 35 nm of Cr was then deposited on patterned PMMA substrates uniformly using e-beam evaporation. Then the residual PMMA was lifted off and the pattern was subsequently transferred from Cr into TiO 2 -coated YAG via reactive ion etching using SF 6 /Ar under optimized conditions. Finally the Cr residue was removed by dipping the platelets in the Cr etchant. Fig. 2(b) shows an SEM image of a TiO 2 PCL structure having a lattice constant of 580 nm, a diameter of 430 nm and an etched depth of 350 nm. The image clearly shows the nano-cylinders having smooth and near-vertical sidewalls, which indicates a successful anisotropic RIE etch. A series of patterns was fabricated and investigated. The fabricated PCLs contain various nano-cylinder arrays of periodic patterns with different diameters, heights and lattice constants (the period). The diameter of the nano-cylinders was varied from 390 nm to 508 nm and the height of the nano-cylinders was 550 nm, 350 nm or 150 nm, depending on the time of dry etching. It should be noted that the samples with 150 nm tall cylinders were made from the samples starting with a total of 350 nm thick TiO 2 . Therefore, there is about 200 nm of continuous TiO 2 under the 150 nm tall pillars. Table 1 lists the patterns that were made for this study. They were fabricated strictly following the same procedure as shown in Fig. 2(a) . Fig. 2(c) represents The emission properties of the PCL-coated YAG:Ce 3+ ceramic samples were measured and compared with the emission properties from a YAG:Ce 3+ ceramic plate without TiO 2 PCL. Instead of using a spatially averaged integrating sphere approach, we used goniometer-and microscope-based techniques to better probe the angular dependence of the samples. For the angle-resolved emission measurement, the sample was excited by a 375 nm laser diode where the spot size was focused to an area smaller than the PCL-structured region of the sample. An optical goniometer with attached Ocean Optics USB 4000 spectrometer was used to collect the emitted yellow light in an angle-resolved ±45°cone. For a more forward-directed integrated emission, the YAG:Ce 3+ samples were placed over a blue light emitting diode (OSRAM Golden Dragon package with dom ¼ 447 nm and 1 mm 2 emitting area), which was driven at a current density of 300 mA/mm 2 . The emission spectra were collected through an Olympus BH-2 microscope with 100× objective ðNA ¼ 0:90Þ that was connected by an optical fiber to an Ocean Optics USB 2000 spectrometer. The 100× objective provided sufficient magnification so that the 200 m Â 200 m PCL regions filled the entire field of view. The numerical aperture of 0.90 corresponds to a collection cone of approximately ±64°ðNA ¼ nsinÞ where is the half-angle of the full cone. We refer to these two emission measurements as angular-dependent and forward measurements respectively. For each PCL-structured sample and type of measurement, a nonstructured area of the same sample was characterized for reference.
Results and Discussion
The small size of the PCL-coated samples made it impossible to make direct transmittance measurements. In order to study the effect of the PCL on the transmittance we used a commercialgrade simulator based on the finite-difference time-domain (FDTD) method [17] to perform the calculations. The x-and y-dimensions of the simulation region were chosen to enclose an area of one tetragonal unit cell of the hexagonal PCL [see Fig. 3(a) ]. Bloch boundary conditions were used in the x-and y-directions. For the z-direction, the full thickness of the ceramic converter could not be used due to its size. Instead, a 3.0 m thick block of YAG was used to make the simulation time reasonable. Absorbing boundaries (perfectly matched layers, PML) were used in the z-direction. To focus on the transmission characteristics of the TiO 2 photonic Fig. 3. (a) Top view of the tetragonal cell (red dashed line) used as the repeat unit for the FDTD simulations; (b) simulated transmittance versus wavelength (at normal incidence) for an idealized flat YAG reference, an idealized 550 nm thick TiO 2 coating on YAG, and a TiO 2 PCL modified YAG; and (c) simulated transmittance versus azimuthal angle ðÞ for an idealized flat YAG reference and a TiO 2 PCL modified YAG using only 550 nm light. Note that the ¼ 90 point was manually set to zero since in the simulations interference effects lead to unphysical results. crystal itself, an idealized YAG block with no Ce activator was used and it was given a refractive index of 1.82 and was made to be non-absorbing. Plane waves with either s-polarization or p-polarization were located at the bottom of the YAG block and the detector was located 1.0 m above the YAG surface. The results from the two polarizations were averaged to give the nonpolarized result. Since, in this configuration, the plane wave originates within the YAG block, we artificially added the 8.5% Fresnel loss that would be present at the bottom surface of the YAG block to better match-up with the experimental transmittance spectra shown in Fig. 1. Fig. 3(b) shows the simulated transmittance curves for the YAG, TiO 2 -coated YAG, and PCL-modified TiO 2 -coated YAG configurations. For this set of simulations, the PCL parameters were: height ¼ 550 nm, diameter ¼ 430 nm, period ¼ 590 nm. Like for the YAG, we used an idealized TiO 2 layer. The TiO 2 was given a refractive index of 2.4 and was non-absorbing across the entire wavelength range. The reference YAG and TiO 2 -coated YAG transmittance spectra compare qualitatively well with the actual spectra shown in Fig. 1 . The Ce absorption peak at ∼450 nm is missing in the simulated data since it was not included in the YAG host. The drop-off in the violet region of the spectrum is not present in the simulated data because the materials were made to be non-absorbing. The interference fringes of the TiO 2 -coated samples are not perfectly identical, but the differences can be explained by small deviations in either film height or refractive index. The transmittance curve of the PCL-structured sample shows that, at normal incidence, more of the light is reflected back into the phosphor than the reference, which is a feature of PCL-structured samples. This recycling effect is good for coupling the previously trapped modes into extractable modes propagating in air. Fig. 3(c) shows the angular dependence of the transmittance due to the PCL, contrasted against a flat reference. For the flat reference, the Fresnel equations were used. For the PCL case, only a single wavelength was monitored, 550 nm, because of the required simulation time. 550 nm was chosen because it is near the peak value of the YAG:Ce 3+ emission, and it falls in the middle portion of the visible spectrum. The plot displays transmittance versus the azimuthal angle ðÞ of the incident plane wave, and it is a compilation of 380 individual simulations; 19 steps in (0 ! 90 in 5°increments), 10 steps in (0 ! 90 in 10°increments), and 2 polarizations. Each point in the plot is an average of all 10 steps in and both polarizations. In agreement with Fig. 3(b) , the PCL reduces the "first-pass" transmission in the 0°to 33°cone, but it essentially eliminates the critical angle. It is important to emphasize that these results are for single-pass extraction only. They do not take into account the important cavity effects that are, in part, responsible for the extraction enhancements [18] , [19] . Fig. 4(a) shows the integrated forward light emission for a sample with and without the TiO 2 PCL. The parameters of the PCL are: diameter ¼ 430 nm, lattice constant ¼ 580 nm and height ¼ 350 nm. The presence of the PCL causes a 4.4 times increase in yellow peak power and a 2.07 decrease in blue peak power. Without the PCL on top of the YAG:Ce 3+ ceramic converter, a significant portion of the light is trapped within the phosphor and wave-guided, and is eventually either absorbed or emitted from the edge of the sample. By incorporating a 2-D TiO 2 -based PCL, an enhanced external photoluminescence (PL) efficiency was observed due to a combination of i) enhanced extraction of yellow emission around the platelet surface normal and ii) blue light recycling between the PCL and the LED die, which gives the exciting radiation a longer effective path length and thus a higher chance to be absorbed inside the platelet. A polished, non-scattering ceramic phosphor is not a good practical reference, due to the extraction reasons described above, but we use it here to demonstrate how strongly the PCL influences the directional light output. To quantify the effect of the PCL, some photometric quantities were calculated from the flat reference and PCL-structured spectra shown in Fig. 4(a) . The Luminous Efficacy of Radiation (LER), which is a measure of spectral efficiency and has units of lumens per visible watt was calculated along with the correlated color temperature (CCT). The LER increased from 111 lm/W vis to 336 lm/W vis , the CCT changed from >10 000 K to 4998 K by incorporating the TiO 2 PCL. We note that the spectra of the PCL-structured samples with 430 nm diameter, but with different pillar heights (from Patterns 2 and 5), have roughly the same shape as the one shown (from Pattern 1), although they fall between the Reference and PCL structured sample (Pattern 1) in magnitude. The relative magnitudes of the yellow peak intensities as a function of pillar height will be discussed later. Fig. 4(b) and (c) show the angular-dependent measurements of the emitted yellow light. Comparing the black and blue curves in Fig. 4(c) indicates that the far-field pattern of the flat reference has an angular profile that is nearly Lambertian. On the other hand, the PCL-modified sample has an angular profile that is much more forward-directed. This indicates the ability of the PCL to collimate the far field by changing the light propagation direction at the target wavelength, i.e., to extract the light primarily towards the surface normal.
The forward (±64°cone) yellow light emitted from the PCL-coated YAG:Ce 3+ ceramic samples (listed in Table 1 ) was integrated and compared to non-structured areas of the same samples. Fig. 5(a) shows the fluorescence microscope image of pattern 3 with the arrows indicating increasing cylinder diameter. Fig. 5(b) shows the enhancement factor of the yellow optical power versus the diameter of the TiO 2 cylinders from each of the nine segments of the arrays for Patterns 1, 2, 3, and 5. For each of the patterns, the data reveal a curve where the maximum occurs in the range of ∼425 nm to ∼450 nm. The scattering of the experimental data could be due to possible optical interferences arising from the 2-D TiO 2 PCL grating and/or experimental error. The PCL-structured samples with 350 nm height resulted in the largest enhancement factor. The height dependence will be discussed later. The greatest enhancement factor corresponded to a diameter of 430 nm and a lattice constant of 590 nm based on a 2-D hexagonal arrangement of a TiO 2 PCL. Not surprisingly, there was no significant difference in enhancement factor between Patterns 1 and 3 since the lattice constants were so similar. This variation in yellow light enhancement as a function of diameter is significant and in qualitative agreement with the simulation results discussed below.
A 3-D model was employed to simulate the effect of the diameter of the TiO 2 PCLs on the yellow light extraction efficiency for the Patterns 1 and 3. Again, we used the FDTD method to perform the calculations. The simulation setup was critical in order to get the correct physics. It is tempting to use a small simulation volume with periodic boundary conditions in the xy-plane in order to save computation time. However, FDTD is a coherent simulation method, and periodic boundaries would result in coherent interference patterns between the periodic dipoles that would introduce errors into the simulation. Similarly, one cannot use many randomly distributed and oriented dipoles in a single simulation for the same reason. To approximate an incoherent dipole source from coherent results, we used a set of successive simulations, each with a dipole having a different location and/or orientation, and the individual coherent results were summed incoherently. The wavelength of the dipole was always set to 550 nm and each one was placed near the center of the simulation volume, 40 nm away from the surface of the PCLs. All of the boundaries were set to perfectly matched layers (PMLs). In order to reduce the impact of the finite sized area on the simulation results, large simulation dimensions were used (20 periods in the x and y dimensions). The positions and orientations of the dipole sources with respect to the PCL surface structures were selected based on considerations discussed elsewhere [20] , [21] . Fig. 6 shows the calculated diameter dependence of the enhancement factor of PCL Patterns 1 and 3. The simulation results in Fig. 6 are qualitatively similar to the experimental results [shown in Fig. 5(b) ]. Also the highest enhancement factor can be achieved with a diameter of 430 nm. No significant variation of enhancement factor was observed by changing the lattice constant of the PCL from 580 nm to 590 nm; similar to what was shown in the experiments. In the future, it would be interesting to expand the scope of these simulations (including analogs of Patterns 2 and 5) to get a better understanding of how the PCL parameters influence the light output. Fig. 7 shows the 3-D simulation results for lattice constant dependence of the yellow light enhancement factor. The lattice constant was varied from 540 nm to 620 nm and the diameter Fig. 6 . Simulation data for the diameter dependence of the yellow light enhancement factor for Patterns 1 and 3 with lattice constants of 580 nm and 590 nm respectively. was varied from 390 nm to 490 nm. Each curve represents the data for a given diameter of TiO 2 nano-cylinder. For the best PCL configurations, the peak of enhancement factor occurs in the range of 570 nm to 600 nm in lattice constant, depending on the diameter. It appears that the diameter/fill-factor is more influential on the extraction enhancement than the lattice constant. From the data shown in Figs. 6 and 7, in corroboration with the experimental results, the optimum PCL parameters for TiO 2 PCLs on YAG:Ce 3+ ceramics are: diameter ≈ 430 nm to 440 nm, and lattice constant ≈ 580 nm to 600 nm.
Besides the effect of lattice constant and diameter of the nano-cylinders on the light extraction efficiency, the height of the TiO 2 nano-cylinders plays an important role on the performance. Based on the data shown in Fig. 5(b) , the PCL-structured samples with 350 nm height (Patterns 1 and 3) have enhancement factors on the order of 20% to 50% larger than the PCL samples with heights of either 150 nm (Pattern 2) or 550 nm (Pattern 5) for extraction into a ±64°cone.
FDTD simulations were carried out to study the effect of nano-cylinder height on the light extraction efficiency. The thickness of the TiO 2 was varied between 50 nm and 500 nm in 50 nm increments. Fig. 8 shows the simulation results for a lattice constant of 580 nm. The enhancement factor increases from the shortest cylinders up to the maximum for heights around 250 nm to 300 nm and then decreases as the height is further increased. The experimental data is also included in Fig. 8 and there is qualitative agreement with the simulated results. In this case, the plotted experimental data points are not the average value for the entire diameter range, but correspond to the values where the diameter is fixed at 430 nm. In general, the computed ratios are consistent with the measured data, and the model we employed seems to be predictive and can guide us with the future design of photonic crystals in the application of light extraction from ceramic converters.
Conclusion
In conclusion, two-dimensional hexagonal photonic crystals of TiO 2 nano-cylinders were fabricated on top of YAG:Ce 3+ ceramic converters using an EBL processes. An enhancement factor of the integrated forward (±64°) yellow optical power of a PCL-structured sample compared to a non-structured sample was measured to be as high as 4.4 times, which occurred for a PCL pattern with pillar diameter ¼ 430 nm, lattice constant ¼ 590 nm and pillar height of 350 nm. The geometric parameters of the photonic crystals are critical factors that determine the degree to which the PCLs enhance the directional extraction efficiency of yellow light from transparent or low-scattering YAG:Ce 3+ ceramic converters. A 3-D FDTD simulation was employed to investigate these factors and the simulation results agree well with the measurements in this work, providing a route for further improving the external quantum efficiency of virtually scatter-free phosphors by optimizing the parameters of the PCL.
